Currently, treatment with the relatively low-affinity NMDA receptor antagonist memantine provides limited benefit in Alzheimer's disease (AD). One probable dose-limiting factor in the use of memantine is the inhibition of NMDA receptor-dependent synaptic plasticity mechanisms believed to underlie certain forms of memory. Moreover, amyloid-␤ protein (A␤) oligomers that are implicated in causing the cognitive deficits of AD potently inhibit this form of plasticity. Here we examined if subtype-preferring NMDA receptor antagonists could preferentially protect against the inhibition of NMDA receptor-dependent plasticity of excitatory synaptic transmission by A␤ in the hippocampus in vivo. Using doses that did not affect control plasticity, antagonists selective for NMDA receptors containing GluN2B but not other GluN2 subunits prevented A␤ 1-42 -mediated inhibition of plasticity. Evidence that the proinflammatory cytokine TNF␣ mediates this deleterious action of Aß was provided by the ability of TNF␣ antagonists to prevent A␤1-42 inhibition of plasticity and the abrogation of a similar disruptive effect of TNF␣ using a GluN2B-selective antagonist. Moreover, at nearby synapses that were resistant to the inhibitory effect of TNF␣, A␤1-42 did not significantly affect plasticity. These findings suggest that preferentially targeting GluN2B subunit-containing NMDARs may provide an effective means of preventing cognitive deficits in early Alzheimer's disease.
G
lutamatergic processes are strongly implicated in causing and mediating the symptoms of Alzheimer's disease (AD) (1) . Early studies found that AD-associated amyloid ␤-protein (A␤) promoted glutamatergic excitotoxicity. More recently A␤ was discovered to form soluble oligomers that rapidly and potently disrupt glutamatergic synapses and plasticity mechanisms underlying cognitive function, including long-term potentiation (LTP), in the absence of cell death, providing an explanation for the cognitive deficits in AD (2) (3) (4) .
Apart from anticholinesterases, memantine, a low-affinity NMDA receptor (NMDAR) antagonist (5) , is the only currently approved treatment for clinical dementia of the Alzheimer type. Although memantine can partially protect against A␤-mediated disruption of LTP at synapses that requires NMDAR activation for its induction, it also inhibits LTP over an overlapping dose range, presumably because of a relatively poor discrimination between antagonism of physiological and disruptive NMDAR activation (6) . Newer subtype selective NMDAR antagonists (7) potentially could increase the dose range over which a beneficial effect is obtained if the LTP-disrupting actions of A␤ and of NMDAR antagonists are preferentially mediated by different NMDARs. Indeed the GluN2B (formerly known as NR2B or NMDA-R2B) (8) subunit has been implicated in regulating the actions and localization of A␤ oligomers, and A␤ oligomers have been reported to promote endocytosis of GluN2B-containing receptors (9-13), whereas both synaptic GluN2A-and GluN2B-containing NMDARs play key roles in LTP induction (14) (15) (16) (17) . On the other hand, in cultured cells expressing cloned NMDARs, A␤-induced effects can be selectively mediated through GluN2A over GluN2B subunits (18) and memantine can preferentially block GluN2C/D-over GluN2A/B-containing NMDARs (19, 20) , but see ref. 21 .
In the light of these findings we postulated that protection against A␤ inhibition of NMDAR-dependent LTP might be achieved with doses of GluN2 subtype selective agents below the threshold for impairing such plasticity on their own. Furthermore, since deleterious effects of Aß in vitro are dependent on TNF␣ action (22) and NMDAR-TNF␣ synergism (23) we also investigated TNF␣'s role in the synaptic plasticity impairing effects of Aß in vivo.
Results

Abrogation of A␤-Mediated Disruption of Hippocampal Synaptic Plasticity in Vivo by Antagonists Selective for GluN2B-Containing
NMDARs. The role of different NMDAR subtypes in mediating the inhibitory effect of A␤ on high frequency stimulation (HFS) induction of LTP at hippocampal CA1 synapses was assessed in vivo, using antagonists for different GluN2 subunits. We compared the effect of the antagonist NVP-AAM077 with approximately 10-fold selectivity for GluN2A over GluN2B and approximately 2-fold over GluN2C/D, the antagonist ifenprodil which has Ͼ approximately 200-fold selectivity for GluN2B over other GluN2 subunits, and the antagonist UBP141 with Ͼ approximately 5-fold selectivity for GluN2C/D over GluN2A/B (7, 24) . First we titrated the agents against LTP to find doses that were approximately half the threshold for inhibition of NMDAR-dependent synaptic plasticity (Fig. S1 ). Intracerebroventricular injection of NVP-AAM077 (125 pmol, 129.5 Ϯ 4.3% pre-HFS mean baseline EPSP amplitude Ϯ SEM, at 3 h post-HFS, n ϭ 5), ifenprodil (3 nmol, 133.9 Ϯ 5.3%, n ϭ 5) or UBP141 (6.25 nmol, 133.8 Ϯ 6.5%, n ϭ 4) had no significant effect alone on LTP induction (P Ͼ 0.05 compared with vehicle-injected controls; P Ͻ 0.05 compared with baseline; two-way ANOVA with repeated measures and paired Student's t tests) (Fig. 1) . Importantly, using these relatively low doses, of the three compounds tested only the GluN2B-selective agent ifenprodil prevented the inhibition of LTP by soluble A␤ . In animals that were coinjected with ifenprodil and A␤ (80 pmol, i.c.v.), the conditioning HFS induced LTP (125.7 Ϯ 6.5%, n ϭ 6, P Ͻ 0.05 compared with baseline; P Ͻ 0.05 compared with A␤ 1-42 alone, 102.1 Ϯ 2.2%, n ϭ 6) that was similar in magnitude to vehicle-injected controls (133.1 Ϯ 5.5%, n ϭ 6; P Ͼ 0.05). In contrast, coinjection of A␤ with the GluN2A-selective NVP-AAM077 (125 pmol i.c.v.) (98.6 Ϯ 2.6%, n ϭ 6; P Ͼ 0.05 compared with A␤ 1-42 -treated animals) or the GluN2C/D preferring UBP141 (6.25 nmol i.c.v.) (106.0 Ϯ 6.1%, n ϭ 4; P Ͼ 0.05 compared with A␤ 1-42 treated animals) completely inhibited LTP (P Ͼ 0.05 compared with pre-HFS baseline). Similar results were obtained when the higher doses of NVP-AAM077 (250 pmol, n ϭ 4) and UBP141 (12.5 nmol, n ϭ 4) that inhibited LTP on their own, were injected before Aß 1-42 ( Fig. 2A and Fig. S1 ).
Having found that the inhibition of LTP by A␤ 1-42 was prevented by ifenprodil but not NVP-AAM077 or UBP141, we next assessed the ability of systemic treatment with the NMDAR antagonist Ro 25-6981, which has a Ͼ3,000-fold selectivity for GluN2B over other GluN2 subunits, and which has a much higher selectivity than ifenprodil for NMDARs (7, 25) , to prevent the effect of A␤ . Systemic injection of Ro 25-6981 (6 mg/kg, i.p.) 60 min before the HFS completely prevented the inhibition of LTP caused by A␤ (80 pmol, i.c.v.) (125.9 Ϯ 2.0%, n ϭ 6; P Ͻ 0.05 compared with A␤ alone, 102.3 Ϯ 4.0%, n ϭ 7; P Ͼ 0.05 compared with vehicle controls, 131.2 Ϯ 3.0%, n ϭ 5; P Ͻ 0.05 compared with baseline) (Fig. 3) . Injection of this dose of Ro 25-6981 alone had no significant effect on LTP (129.0 Ϯ 7.5%, n ϭ 5; P Ͼ 0.05 compared with vehicle controls; P Ͻ 0.05 compared with baseline). Further experiments in animals pretreated with either a lower (3 mg/kg, n ϭ 4) or higher (12 mg/kg, n ϭ 4) dose of Ro 25-6981 indicated that the prevention of the inhibitory effect of A␤ by Ro 25-6981 was dose-dependent in this dose range (Fig. 2B) . By way of comparison, we also assessed the effects of doses of memantine in combination with A␤ 1-42 above and below that tested previously (6) (Fig. S2) 
Prevention of the Disruptive Effects of Aß on Synaptic Plasticity by
Agents That Reduce TNF␣ Availability. Because the inhibitory effect of A␤ on LTP in vitro is dependent on endogenous release of TNF␣ (22), we hypothesized that the GluN2B-dependence of LTP inhibition may be indirectly mediated through TNF␣. We examined the effects of agents that reduce TNF␣ availability (infliximab, a chimaeric IgG1 monoclonal antibody, and a TNF␣ peptide antagonist with specific and high affinity binding to TNF␣) or production (the CNS penetrant inhibitor thalidomide). Injection of either infliximab (25 g in 5 L, i.c.v.) or the TNF␣ peptide antagonist (2 nmol in 5 L, i.c.v.) 10 min before A␤ completely prevented the inhibition of LTP (125.3 Ϯ 1. 4%, n ϭ 5, and 126.7 Ϯ 2.5%, n ϭ 5, respectively, P Ͻ 0.05 compared with 99.5 Ϯ 7.2% after A␤ 1-42 alone; P Ͼ 0.05 compared with 130.5 Ϯ 4% in vehicle-treated animals; P Ͻ 0.05 compared with baseline) using doses that alone did not significantly affect the magnitude of LTP (128.8 Ϯ 3.9%, n ϭ 4, and 129.9 Ϯ 2.1%, n ϭ 5, respectively, P Ͻ 0.05 compared with baseline; P Ͼ 0.05 compared with vehicle) (Fig. S3) . Similarly, systemic administration of a dose of thalidomide (45 mg/kg, i.p.) that did not significantly affect LTP induction alone (124.6 Ϯ 2.9%, n ϭ 6, P Ͼ 0.05 compared with vehicle; P Ͻ 0.05 compared with baseline), abrogated the inhibition of LTP caused by A␤ (128.5 Ϯ 8.2%, n ϭ 4; P Ͻ 0.05 compared with Aß 1-42 alone or baseline; P Ͼ 0.05 compared with vehicle). Because these findings support a requirement for TNF␣ in the inhibitory effect of A␤, we next examined the effect of TNF␣ alone. Like A␤, pretreatment with TNF␣ (1.5 pmol, i.c.v.) completely inhibited LTP (98.9 Ϯ 3.4%, n ϭ 5, P Ͼ 0.05 compared with baseline; P Ͻ 0.05 compared with vehicle, 130.5 Ϯ 3.4% n ϭ 8) (Fig. S4 ).
Differential Vulnerability of Apical and Basal Synapses to the Plastic-
ity Disruptive Effects of TNF␣ and A␤. Previous studies using TNFR1 knockout mice indicate that deleterious TNF␣-dependent effects of A␤ are mediated through TNFR1 (26) , including inhibition of LTP by A␤ in the dentate gyrus of hippocampal slices (22) . In view of known regional variations in the expression of TNFRs (27) and in different forms of LTP (28), we also examined the effects of TNF␣ and A␤ on LTP of synaptic transmission at basal dendrites in the stratum oriens. Administration of the same dose of TNF␣ that completely inhibited LTP at apical dendrites did not significantly affect LTP at basal dendrites. Thus, in animals that were administered an i.c.v. injection of TNF␣ (1.5 pmol) the HFS induced LTP (136.4 Ϯ 4.1%, n ϭ 6; P Ͻ 0.05 compared with baseline) that was similar in magnitude to that found in vehicle-injected animals (143.4 Ϯ 4.4%, n ϭ 6; P Ͻ 0.05 compared with baseline; P Ͼ 0.05 compared with TNF␣) (Fig. 4) . Importantly, LTP at basal dendrites was also resistant to the inhibitory effect of A␤ . Aß 1-42 (320 pmol, i.c.v.) pretreatment did not significantly affect the magnitude of LTP (142.5 Ϯ 5.8%, n ϭ 6; P Ͻ 0.05 compared with baseline; P Ͼ 0.05 compared with vehicle). Similar to apical dendrite LTP (29) , LTP induction at basal dendrites was NMDAR-dependent, being completely blocked by D-AP5 (100 nmol, i.c.v., 102.1 Ϯ 5.0%, n ϭ 6; P Ͼ 0.05 compared with baseline; P Ͻ 0.05 compared with vehicle).
GluN2B-Selective Antagonist Prevents the Inhibition of Synaptic Plas-
ticity by TNF␣. Because the inhibition of LTP by A␤ was dependent on GluN2B, we next assessed the ability of systemic treatment with Ro 25-6981 to prevent the inhibitory effect of TNF␣. Whereas TNF␣ (1.5 pmol, i.c.v.) alone inhibited HFSinduced LTP (100.6 Ϯ 3.6%, n ϭ 5; P Ͻ 0.05 compared with vehicle; P Ͼ 0.05 compared with baseline), it failed to inhibit LTP in animals that had been systemically pretreated with Ro 25-6981 (6 mg/kg, i.p.) (125.8 Ϯ 5.0%, n ϭ 6; P Ͻ 0.05 compared with baseline and compared with TNF␣ alone; P Ͼ 0.05 compared with vehicle) (Fig. 5) .
Discussion
The present results clearly show that targeting GluN2B subunitcontaining NMDARs with a selective antagonist prevents the synaptic plasticity-disrupting effects of A␤ in vivo. Importantly, protection was achieved using systemic treatment with a dose below that affecting normal synaptic plasticity. The additional findings that TNF␣ also inhibited LTP in a GluN2B-dependent manner and that the inhibitory effect of A␤ required TNF␣ action provide strong evidence of a critical role for TNF␣ promotion of activation of GluN2B-containing NMDARs in mediating the disruption of mechanisms underlying cognition by A␤. The present results support further clinical investigation of the potential benefit of targeting both TNF␣ and GluN2B subunits in cognitive impairment, particularly in early AD.
NMDARs are normally composed of assemblies of two obligatory GluN1 with two GluN2 subunits, the latter consisting largely of GluN2A and GluN2B subtypes in the mammalian forebrain, including the mature rodent hippocampus (30) . Depending on developmental stage and other as yet poorly defined factors, both GluN2A and GluN2B containing NMDARs have been shown to be critical in mediating NMDAR-dependent LTP at CA3-to-CA1 synapses (14-17, 31, 32) . Remarkably and in contrast to the GluN2A-and GluN2C/D-subtype selective NMDAR antagonists NVP-AAM077 and UBP141, the GluN2B selective antagonists ifenprodil and Ro 25-6981 at concentrations that did not affect control LTP when administered alone, prevented the inhibition of LTP by A␤ . This differential sensitivity to the different antagonists provides evidence for a selective role of GluN2B subunit-containing NMDARs in the synaptic plasticity-disrupting effects of A␤ in vivo.
The protection against the plasticity-disrupting action of A␤ by relatively low doses of the GluN2B-selective antagonists appears to be a significant advance on memantine, which only weakly abrogates the synaptic plasticity-disrupting action of A␤ (Fig. S2) (6) . Systemic treatment with GluN2B selective agents including Ro 25-6981 has been reported to have minimal cognitive impairing effects at doses that are in the pharmacologically relevant range in rodents (33, 34) and man (35) .
Excessive or inappropriate activation of NMDARs can block LTP (36) , and under certain circumstances A␤ can selectively enhance NMDAR-mediated currents and synaptic transmission (18, (37) (38) (39) (40) , or promote increased Ca 2ϩ influx and elevate the levels of potentially toxic reactive oxygen species in an NMDARdependent manner (37, 41) . However, in contrast to the present findings, the inhibition of LTP by exogenous application of NMDA has been reported to be caused by Ca 2ϩ entry following activation of GluN2A-rather than GluN2B-containing NMDARs (42) . Intriguingly, in cultured neurons A␤ can increase GluN2B tyrosine phosphorylation and trigger an ifenprodil-sensitive transient activation of Akt (9) . Activation of Akt causes GSK3ß phosphorylation, which can dramatically alter the induction of synaptic plasticity, including LTP (43, 44) .
GluN2B subunits are found both synaptically and extrasynaptically and appear to be more mobile between these compartments than GluN2A subunits (45) . Indeed, the anchoring and coupling of GluN2B subunits may differ at synaptic and extrasynaptic sites, with many apparently opposite or mutually exclusive effects on proteinprotein interactions and signaling mechanisms that are known to be involved in regulating LTP induction (45, 46) . If Aß acts preferentially to promote activation of extrasynaptic receptors these different properties of extrasynaptic NMDARs containing GluN2B subunits may account for the involvement of GluN2B subunits in the inhibition of LTP by A␤. On the other hand evidence consistent with a synaptic action of A␤ comes from the finding that A␤ aggregates at synapses containing GluN2B subunits in an activity and ifenprodil-sensitive manner (10). Whether or not A␤ binds less efficiently to synapses lacking GluN2B subunits or if the larger aggregates are more disruptive to synaptic function, remains to be investigated.
While A␤ can directly bind to NMDARs or adjacent sites (41, 47, 48) , the present data support a more indirect mechanism of promoting receptor activation. The findings that intracerebral or systemic treatment with agents that reduce free TNF␣ levels abrogated the inhibition of LTP in vivo by A␤ implicate TNF␣ in the synaptic plasticity-disrupting action of A␤ and confirm and extend previous in vitro studies (22, 49) . Strong evidence supporting the importance of TNF␣ was the ability of i.c.v. injection of TNF␣ to mimic the inhibition of LTP by A␤ and the discovery that synapses that were resistant to the plasticity-disrupting effects of TNF␣ were equally resistant to the inhibitory effects of A␤. Further corroboration is provided by the effectiveness of systemic treatment with the GluN2B selective NMDAR antagonist Ro 25-6981 to prevent this action of TNF␣.
How might TNF␣ mediate the GluN2B-dependent action of A␤? A␤ is known to trigger the release of TNF␣ (50, 51) and TNF␣ can increase extracellular glutamate concentration both by reducing glutamate transport into neurons and glia or by promoting glutamate release (52, 53) . Consistent with this proposal A␤ also can inhibit glutamate uptake (11, 54) and enhance glutamate release (55-57) by glia and neurons although it is not known if TNF␣ is required for these effects. Since glutamate has a relatively high affinity for GluN2B subunitcontaining NMDARs (58) and glutamate spillover can preferentially activate such receptors (59) , this increase in glutamate concentration should cause an excessive or inappropriate activation of GluN2B subunit-containing NMDARs. Such indirect actions of A␤ via TNF␣ may synergize with more direct actions on the glutamatergic system (41, 47, 48) .
Observations from studies of the brains of patients with AD are consistent with this general sequence of events. Thus, glutamate uptake is reduced (60, 61) and GluN2B-containing NMDAR distribution and density are abnormal (1). Moreover, TNF␣ and TNF receptors are extensively disrupted in AD (26, 62) . Notably, elevated spontaneous TNF␣ production from peripheral mononuclear cells and increased soluble TNFR1 in cerebrospinal fluid in nondemented people are predictors of progress to clinical AD (63, 64) . Although there are no clinically approved TNF␣-based treatments for AD, in open-label trials perispinal administration of an antibody to TNF␣ has been reported to produce a rapid improvement in the cognitive status of patients (65) . The present findings on the protective effect of administration of TNF␣-neutralizing agents, including an antibody to TNF␣, against the inhibition of LTP by A␤ in vivo provide support for controlled trials assessing this general approach. Because TNF␣ is considered a major factor in cog- nitive deficits both in AD and in other neurological and psychiatric illnesses (66) and TNF␣ disrupts the mechanisms underlying cognition in a GluN2B-dependent manner the development of systemic treatments with agents against these targets seems particularly attractive.
It is not clear why LTP at basal dendrites, in contrast to apical dendrites, is resistant to the inhibitory effects of A␤ and TNF␣. Although both forms of LTP are NMDAR-dependent, LTP at basal synapses, unlike LTP at apical synapses, was characterized by the presence of a large initial decremental potentiation consistent with previous reports that this form of LTP has different properties (67) (68) (69) . Interestingly, LTP at basal synapses does not use the same signaling mechanisms, some of which have been implicated in the synaptic plasticity disruptive actions of A␤ at apical synapses (68, (70) (71) (72) . Since TNFR1 is essential for both A␤-and TNF␣-mediated inhibition of LTP (22), the potential differential regional expression of TNFRs and associated signaling mechanisms also warrants detailed investigation.
There is a growing realization of the involvement of aberrant excitatory activity in neuronal networks in the cognitive deficits of AD (73). The present in vivo data clearly support a mediating role for excessive GluN2B-containing NMDA receptor activation and the potential benefit of selectively blocking these receptors in AD.
Materials and Methods
Animals and Surgery. Experiments were carried out on urethane (1.5-1.6 g/kg i.p.) -anesthetized male Wistar rats (250 -300 g). The body temperature of the rats was maintained at 37 to 38°C with a feedback-controlled heating blanket. The animal care and experimental protocol were approved by the Department of Health, Republic of Ireland.
Cannula Implantation. A stainless-steel cannula (22 gauge, 0.7-mm outer diameter) was implanted above the right lateral ventricle (1 mm lateral to the midline and 4 mm below the surface of the dura). Intracerebroventricular (i.c.v.) injection was made via an internal cannula (28 gauge, 0.36-mm outer diameter). The solutions were injected in a 5-L volume over a 3-min period. Verification of the placement of cannula was performed postmortem by checking the spread of ink dye after i.c.v. injection.
Electrode Implantation. Electrodes were made and implanted as described in ref. 29 . Briefly, twisted bipolar electrodes were constructed from Tefloncoated tungsten wires (62.5-m inner core diameter, 75-m external diameter). Field excitatory postsynaptic potentials (EPSPs) were recorded either from the stratum radiatum or stratum oriens in the CA1 area of the right hippocampus in response to stimulation of the ipsilateral Schaffer collateralcommissural pathway. Electrode implantation sites were identified using stereotaxic coordinates relative to bregma, with the recording site located 3.4 mm posterior to bregma and 2.5 mm lateral to midline, and stimulating site 4.2 mm posterior to bregma and 3.8 mm lateral to midline. The final placement of electrodes was optimized by using electrophysiological criteria and confirmed via postmortem analysis.
Electrophysiology. Test EPSPs were evoked by square wave pulses (0.2 ms duration) at a frequency of 0.033 Hz and an intensity that triggered a 50% maximum response. LTP was induced using 200 Hz high frequency stimulation (HFS) consisting of either one set of 10 trains of 20 pulses (inter-train interval of 2 s) or three sets of 10 trains of 12 stimuli (interset interval of 5 min). The stimulation intensity was raised to trigger EPSPs of 75% maximum during the HFS.
Compounds. A␤42 (Bachem or Biopolymer Laboratory, University of California, Los Angeles Medical School) was prepared as a stock solution in 0.1% ammonium hydroxide, centrifuged at 100,000 ϫ g, and the supernatant stored at Ϫ80°C until required (74). Thalidomide Pilot studies investigated the threshold dose for inhbition of LTP with intracerebroventricular injection of NVP-AAM077 (250 pmol), ifenprodil (6 nmol), and UBP141 (12.5 nmol). Half these doses of were tested in the investigation of A␤-mediated inhibition of LTP.
Data Analysis. The magnitude of LTP was expressed as the percentage of pre-HFS baseline EPSP initial amplitude or the percentage control LTP (ϮSEM). Two-way ANOVA with repeated measures was used to compare the magnitude of LTP over the 3 h post-HFS period between the experimental and control groups. One-way ANOVA was used to compare magnitude of LTP for the last 10 min (i.e., at 3 h) post-HFS between multiple groups. Student's t tests and posthoc Tukey's test were used for detailed statistical analysis where appropriate and P Ͻ 0.05 was considered as statistically significant.
